Many forms of behavior require selective amplification of neuronal representations of relevant 35 environmental signals. Following emotional learning, sensory stimuli drive enhanced responses in the 36 sensory cortex. However, the brain circuits that underlie emotionally driven control of the sensory 37 representations remain poorly understood. Here we identify a novel pathway between the basolateral 38 amygdala (BLA), an emotional learning center in the mouse brain, and the inhibitory nucleus of the 39 thalamus (TRN). We demonstrate that activation of this pathway amplifies sound-evoked activity in the 40 central auditory pathway. Optogenetic activation of BLA suppressed spontaneous, but not tone-evoked 41 activity in the auditory cortex (AC), effectively amplifying tone-evoked responses in AC. Anterograde and 42 retrograde viral tracing identified robust BLA projections terminating at TRN. Optogenetic activation of 43 amygdala-TRN pathway mimicked the effect of direct BLA activation, amplifying tone-evoked responses in 44 the auditory thalamus and cortex. The results are explained by a computational model of the thalamocortical 45 circuitry. In our model, activation of TRN by BLA suppresses spontaneous activity in thalamocortical cells, 46
Introduction 52 similar to the effects of activating BLA on AC. Through a computational model of thalamocortical circuitry, 88
we found that activating BLA inputs to TRN could account for the reduction in spontaneous thalamic 89 activity, and this reduction acted to prime the thalamocortical relay response to sensory input. Together, 90 these findings suggest that the amygdala-TRN pathway amplifies responses to sensory input by suppressing 91 spontaneous activity of relay neurons, a process that could underlie fear-driven changes in auditory and 92 other forms of sensory discrimination. We first tested the effect of optogenetic activation of BLA on spontaneous and tone-evoked activity 98 in AC. To manipulate the level of activity of excitatory neurons in the amygdala, we expressed 99 Channelrhodopsin (ChR2) using targeted viral delivery to BLA of mice expressing Cre recombinase in 00 neurons under the CamKIIα promoter (CamKIIα-Cre mice, Figure 1A ). Injection of a modified adeno-01 associated virus (AAV), which carried the antisense code for ChR2 under the FLEX cassette resulted in 02 efficient and specific expression of ChR2 (flex-ChR2) in excitatory neurons in BLA of CamKIIα-Cre mice 03 ( Figure 1B) . 04
We measured spontaneous and tone-evoked activity of neurons in the auditory cortex (AC), targeting 05 the primary auditory cortex (A1), by recording from awake, head-fixed mice during acoustic presentation of 06 a random tone sequence consisting of 50 ms tone pips at 50 frequencies ranging from 1 to 80 kHz (70 dB 07 SPL). BLA was activated by shining blue laser light (473 nm, 3.5 mW/mm 2 intensity at the fiber tip) 08 through implanted optic cannulas. Photo-activation of BLA significantly reduced overall spontaneous firing 09 rate (FRbase, computed during the baseline period, 0-50 ms prior to tone onset, N = 190, p = 8.15E-7, df = 10 189, tstat = 2.74) in AC (Figures 1C, 1D and 1F) . While peak tone-evoked firing rate in the AC (FRtone, 11 computed 0-50 ms after tone onset) was not significantly affected by BLA activation (Figures 1C, 1D and 12 1G, n.s.) , the amplitude of responses to tones compared with spontaneous firing rate increased (Figures 1D 13 and 1H, N = 190 , p = 2.12E-10, tstat= 6.72). Activation of BLA did not significantly affect the tuning 14 bandwidth of neurons in AC, quantified by sparseness of tuning curve ( Figures 1E and 1I , n.s.). Thus, by 15 reducing the spontaneous firing rate, but not increasing the tone-evoked response, activation of BLA 16 amplified tone-evoked responses in the auditory cortex. Suppression of spontaneous firing in cortical neurons during BLA activation is most likely due to an 20 inhibitory synapse. Recent studies identified direct projections from the BLA to the TRN, an inhibitory 21 nucleus in the thalamus (22) . The TRN in turn projects to the MGB, and therefore activation of BLA could 22 drive suppression of spontaneous activity in AC by activating inhibitory TRN to MGB projections. We 23 observed that AAV injected in the BLA resulted in labeling of terminals in the TRN ( Figure 1A) . To 24 confirm the existence of BLA-TRN pathway, we injected retrograde CAV2-Cre vector in the TRN of AI14 25 reporter mice, in which tdTomato is conditionally expressed in the cells transfected with Cre recombinase. 26
We identified retrograde labeling of neurons in the basolateral and central nuclei of amygdala (Figure 2A) , 27 confirming the existence of a direct pathway from the BLA to the TRN. 28 29
Photo-activation of BLA-TRN pathway increases amplitude of tone-evoked responses in the AC. 30
To test whether BLA-TRN pathway underlies the amplification of tone-evoked responses caused by BLA 31 activation (Figure 1) , we injected either a vector expressing hChR2 under CAG promoter in the BLA of WT 32 mice, or flex-ChR2 vector into the BLA of CamKIIα-Cre mice. We then shined blue laser light onto the 33 TRN through implanted cannulas, while recording neural responses in AC using multichannel silicon probes 34 ( Figure 2B ). This allowed us to test the effect of selective activation of neurons that project from BLA to 35 TRN on neuronal activity in AC. Activation of BLA terminals in TRN led to a significant suppression of 36 spontaneous neuronal activity in AC ( Figure 2C , 2D and 2F, N = 216, p = 0.0067, df = 215, tstat = 2.74), 37
whereas absolute tone-evoked firing rate was significantly increased ( Figure 2D and 2G, N = 216, p = 38 0.0048, df = 215, tstat = 2.85). Hence, average amplitude of responses to tones increased significantly 39
( Figure 2D and 2H, N = 216, p = 5E-8, df = 215, tstat = 5.65). Sparseness of tuning curves decreased as 40 result of TRN activation ( Figure 2E and 2I, N = 216, p = 2.73E-10, df = 215, tstat = 6.62). 41
These effects persisted when we also blocked activity of BLA neurons by focal application of TTX 42 (Supplemental figure S1 1-F, after TTX: N = 74, decrease in spontaneous activity, p = 3.03e-11, df = 73, 43 tstat = 7.8; increase in response amplitude, p = .0061, df = 73, tstat = 2.82; Supplemental figure S1 G, H; 44 before TTX: N = 74, decrease in spontaneous activity, p = 1.49e-10, df = 73, tstat = 7.45; increase in 45 response amplitude, p = 7.01e-6, df = 73, tstat = 4.84). This control ensured that our stimulation of BLA-46 TRN terminals did not lead to activation of another pathway originating from the cell bodies in the BLA 47 (28) (29) (30) . Combined, these results demonstrate that selective activation of BLA-TRN projections evokes 48 similar effects to those observed with general BLA activation on activity in the AC. 49 50 Photo-activation of BLA-TRN pathway increases amplitude of tone-evoked responses in the auditory 51
thalamus. 52
There is extensive evidence that TRN inhibits sensory processing in the sensory thalamus (25, 31) . 53
Therefore, we hypothesized that effect of BLA-TRN pathway on the AC activity is the result of inhibition 54 that auditory thalamus receives from TRN. We tested whether activation of BLA-TRN terminals drives 55 similar effects to those observed in AC in the auditory thalamus (Medial Geniculate Body, MGB). We tested 56 this hypothesis by optogenetically activating BLA-TRN pathway as described above, while simultaneously 57 recording from MGB ( Figure 3A and 3B). Similarly to previous results, photo-activation of amygdalar 58 terminals in TRN led to significant inhibition of spontaneous firing rate of neurons in MGB (Figure 3C and 59 3E, N = 126, df = 189, tstat = 5.1) . In contrast, mean tone-evoked activity was not affected by 60 photo-stimulation ( Figure 3C and 3F, n.s.), resulting in increased amplitude of tone-evoked responses 61 ( Figure 3G , p = 9.6e-7, df = 125, tstat = 5.16). Similarly to AC recordings, photo-activation of BLA-TRN 62 pathway increased the sparseness of tuning curve ( Figure 3D and 3H, p = 8.65 e-5, df = 125, tstat = 4.06). 63
Combined, our findings are consistent with the hypothesis that BLA-TRN pathway acts on the AC through 64
MGB. 65
To verify that effect of light on the activity in auditory thalamus and cortex is specific to action of 66 ChR2, we injected control group of mice with viral vector that encoded only fluorescent protein. In control 67 mice, shining blue light on BLA projections in TRN did not cause any significant change in the firing rates 68 of neuron either in AC ( Figure S2 ) or in MGB ( Figure S3 ). How does the enhanced responsiveness to tones square with the decreased spontaneous activity upon 73 BLA-TRN activation? These dual effects may be explained by the feedback connectivity between the 74 bursting neurons in TRN and MGB. We constructed a three-cell model of MGB, TRN and A1 neurons. As 75 all thalamic neurons exhibit bursts of spikes resulting from T currents (32-34), we used a bursting neuron 76 model for our TRN and MGB neurons (35, 36) . Spontaneous spiking was elicited by Poisson-distributed 77 inputs to the MGB and A1 neurons. We delivered a 100-ms long pulse of input to the TRN neuron to 78 represent optogenetic activation of BLA terminals in TRN, and a shorter 10-ms input to MGB to represent 79 the tone input. BLA activation initiated a burst in TRN neurons, with regular tonic firing following the burst 80 for increased strengths of BLA activation ( Fig. 4B1 ). For weak BLA input, the initial burst in TRN was late 81 and elicited fewer spikes, providing only weak inhibition of the spontaneous firing in MGB and of the MGB 82 response when the tone arrived (second row in Fig MGB and A1 are summarized in Fig. 4D . Consistent with the experimental results, the suppression of 90 spontaneous MGB spiking allowed for an increased ability to respond to the auditory input and relay it to 91 A1. Together, these results provide a link between the suppression of spontaneous activity to amplified A1 92 response by demonstrating that a moderate activation by BLA of TRN, such as those used in our 93 experiments, increase the readiness of MGB neurons to respond. As a result, peak-to-peak firing rates in 94
Discussion 97
The basolateral amygdala is a critically important brain area for auditory fear conditioning (for 98 review see (10), where conditioned and unconditioned stimuli converge (37, 38) . Lesions of the BLA (39, 99 40) or either the lemniscal or non-lemniscal auditory inputs to the BLA, impair acquisition and expression 00 and discrimination of conditioned fear responses (41, 42) ; whereas paired activation of the BLA with an 01 auditory cue is sufficient to induce a conditioned fear response (43). Recent studies found that sensory fear 02 conditioning can modulate sensory discrimination acuity (4, 6), and we demonstrated that in the auditory 03 system this modulation requires the auditory cortex (44). Therefore, in the present study, we examined 04 whether and how activating BLA affects tone-evoked responses in AC. We first found that activating BLA 05 increases tone-evoked response amplitude in AC by suppressing spontaneous activity, but not affecting 06 tone-evoked responses. We identified a mechanism by which this suppression can occur: via the projections 07 from the BLA to the inhibitory nucleus of the thalamus, the TRN. Consistent with established anatomy, we 08 did not find significant direct projections from TRN to AC. Therefore, we hypothesized that the TRN 09 controls responses in AC via the MGB of the auditory thalamus (45). Indeed, specifically activating BLA-10 TRN projection neurons drove an increase in tone-evoked response amplitude in both MGB and AC. The 11 effects were stronger in MGB than AC further suggesting that the MGB serves as a relay for cortico-12 collicular control. These effects could be accounted for by a three-cell model of the TRN-MGB-AC 13 connections ( Figure 4) , with the critical effect provided by the difference in timing and magnitude of the 14 inhibition that TRN delivered to MGB, consistent with previous thalamo-cortical models (33, 34, 36, 46) . 15
This study thus establishes an important pathway connecting the emotional and sensory processing centers 16 that potentially drives changes in auditory perception as result of emotional learning. 17
The thalamic reticular nucleus is a thin sheet of GABAergic neurons surrounding dorsal thalamus, 18 which exhibits sectorial anatomical organization, such that each sector of the TRN is specific to a sensory 19 modality (47, 48) . Although the TRN does not send direct projections to sensory cortical areas, it can control 20 the flow of auditory and other sensory information to the cortex by inhibiting or disinhibiting thalamic 21 projection neurons in the auditory thalamus (45, (49) (50) (51) . The unique anatomical and functional organization 22 of TRN gave rise to the "attentional searchlight" hypothesis (52), which proposed that the TRN drives 23 attention toward salient stimuli, by inhibiting sensory responses to irrelevant information. Our results imply 24 that that BLA is one of the controls of that searchlight, control that is exerted by inhibiting spontaneous 25 activity in the relay cells. Our parameters also suggest that fear-driven BLA activation that is too weak, or 26 conversely overwhelming, fail to control the spotlight. We suggest that this simple mechanism may apply to 27 multiple arising senses as they pass through the thalamocortical circuit. 28
Communication across the TRN (53) or by convergence and divergence of TRN-thalamic connections offers 29 the possibility for the activation of one specific sense, or sensory modality, to affect the thalamic relay of 30 another sense (33, 54) . Recently, the TRN was experimentally shown to selectively amplify processing of task-relevant stimuli and attention-guided behaviors. Either genetic (knockout or knockdown of the ErbB4 32 receptor in TRN neurons) or optogenetic perturbation of neuronal activity in the TRN diminished attentional 33 switching between conflicting sensory cues in a two-alternative choice task (25, 27) . Similarly, optogenetic 34 activation of the TRN during the window of elevated attention to a visual cue interfered with performance in 35 a visual detection task (26). Our present results showing that TRN activity is modulated by its inputs from 36 BLA suggest that emotional responses generated in the amygdala may also modulate sensory interactions 37 within and through the TRN, particularly during fear learning. 38
Auditory fear conditioning drives plastic changes to tone-evoked responses in auditory thalamus 39 (55) and auditory cortex (17, 56) . Multi-neuronal recording in AC demonstrated that tone-evoked responses 40 to the conditioned stimulus are increased following fear conditioning (57), with individual neurons 41 exhibiting heterogeneous but sustained changes in their tuning properties (56). Auditory fear conditioning 42 promotes formation of dendritic spines in AC (58), pointing to plastic changes in neuronal connectivity. 43
Direct amygdala-cortical projections are thought to underlie the facilitation of responses to emotionally 44 salient stimuli (21, 59, 60) , as fear conditioning leads to an increase in the post-synaptic spines and pre-45 synaptic boutons specific to BLA-AC neuronal pairs (21). Here, we demonstrate that a parallel processing 46 pathway to cortex from the BLA, via the TRN and MGB ( Figure 5 ). This pathway may potentially play a 47 regulatory role during the acquisition and recall of auditory fear memories. These two pathways may 48 complement each other in enhancing responses to the conditioned stimulus by strengthening amygdala-49 cortical connectivity. In future studies, it will be important account for the interactions between these 50 pathways in interpreting the effects of fear conditioning and learning on sensory responses in the cortex. 51
We previously found that generalized auditory fear learning led to an impairment in frequency 52 discrimination acuity, whereas specialized learning led to an improvement in acuity (44). Similar bi-53 directional changes in auditory discrimination were achieved by manipulating the activity of inhibitory 54 interneurons in the cortex (3). The existence of parallel pathways for controlling tone-evoked responses after 55 activation of BLA may be useful for enabling bi-directional changes in sensory processing. In particular, 56
top-down control of inhibition early in sensory processing is particularly useful in gating incoming sensory 57 information. The connection that we identified here may be a manifestation of a more general principle of 58 control of behavioral performance via inhibitory-excitatory interactions (61).
Methods 60

Animals 61
All experiments were performed in adult female (N=5) or male (N=14) mice (supplier: Jackson 62 Laboratories) between 7-15 weeks of age weighing between 17-27 grams. Strains: CamKIIα-Cre: B6. Cg-63
Tg(CamKIIα-Cre)T29-1Stl/J; wild-type mice: C57BL/6J), AI14: Rosa-CAG-LSL-tdTomato-64 WPRE::deltaNeo housed at 28°C on a 12 h light -dark cycle with water and food provided ad libitum, with 65 fewer than five animals per cage. In CamKIIα-Cre mice, Cre was expressed in excitatory neurons. All 66 animal work was conducted according to the guidelines of University of Pennsylvania IACUC and the 67 AALAC Guide on Animal Research. Anesthesia by iso-fluorane and euthanasia by carbon dioxide were 68 used. All means were taken to minimize the pain or discomfort of the animals during and following the 69 experiments. 70 71
Surgery and Virus Injection 72
At least 10 days prior to the start of experiments, mice were anesthetized with isoflurane to a surgical plane. 73
The head was secured in a stereotactic holder. For recordings targeting AC, the mouse was subjected to a 74 protein expression in fixed brain slices, and its co-localization with excitatory neurons, following immuno-92 histochemical processing with the anti-CAMKIIα antibody. 93 94
Viral Vectors
Modified AAV vectors were obtained from Penn VectorCore. Modified AAV encoding ChR2 under FLEX 96 promoter (Addgene plasmid 18917 AAV-FLEX-ChR2-tdTomato) was used for activation of excitatory 97 neurons in CamKIIα-Cre mice. hChR2 was used for activation of neurons in WT mice (Addgene 20938M 98 AAV5-CAG-hChR2(H134R)-mCherry-WPRE-SV40). Modified AAV vectors encoding only tdTomato 99 under a FLEX cassette were used as a control for the specific action of ChR2 on the neuronal populations. 00
Cav2-cre virus (Viral Vector Production Unit) was used for retrograde tracing of BLA-TRN projections in 01 AI24 mice that express tdTomato under FLEX cassette. 02 03 Histology 04
Brains were extracted following perfusion of 0.01 M phosphate buffer pH 7.4 (PBS) and 4% 05 paraformaldehyde (PFA), postfixed in PFA overnight and cryoprotected in 30% sucrose. Free-floating 06 coronal sections (40 μm) were cut using a cryostat (Leica CM1860). Sections were washed in PBS 07 containing 0.1% Triton X-100 (PBST; 3 washes, 5 min), incubated at room temperature in blocking solution 08 (10% normal horse serum and 0.2% bovine serum albumin in PBST; 1h), and then incubated in primary 09 antibody diluted in carrier solution (1% normal horse serum and 0.2% bovine serum albumin in 10 PBST) overnight at 4°C. Anti-CAMKIIα antibody was used to stain excitatory neurons (abcam5683 rabbit 11 polyclonal, 1:500, abcam). The following day sections were washed in PBST (3 washes, 5 min), incubated 12 for 2 hours at room temperature with secondary antibodies (Alexa 488 goat anti-rabbit IgG; 1:750), and then 13 washed in PBST (4 washes, 10 min). Sections were mounted using fluoromount-G (Southern Biotech) and 14 confocal or fluorescent images were acquired (Leica SP5 or Olympus BX43) 15 16
Photostimulation of Neuronal Activity 17
Neurons were stimulated by application of five 25 ms-long light pulses (25 ms inter-pulse interval) of blue 18 laser light (473 nm, BL473T3-150, used for ChR2 stimulation), delivered through implanted cannulas. 19
Timing of the light pulse was controlled with microsecond precision via a custom control shutter system, 20 synchronized to the acoustic stimulus delivery. Prior to the start of the experiment, the intensity of the blue 21 laser was adjusted to 3.5 mW/mm 2 as measured at the tip of the optic fiber. 22
23
Electrophysiological Recordings 24
All recordings were carried out as previously described (3) inside a double-walled acoustic isolation booth 25 (Industrial Acoustics). Mice were placed in the recording chamber, and their headpost was secured to a 26 custom base, immobilizing the head. Activity of neurons was recorded either via a 32-channel silicon multi-27 channel probe (Neuronexus), or custom-made Microdrive housing multiple tetrodes lowered into the 28 targeted area via a stereotactic instrument following a durotomy. Electro-physiological data were filtered 29 between 600 and 6000 Hz (spike responses), digitized at 32kHz and stored for offline analysis (Neuralynx). 30
Spikes belonging to single neurons were sorted using commercial software (Plexon).
Acoustic Stimulus 33
Stimulus was delivered via a magnetic speaker (Tucker-David Technologies), calibrated with a Bruel and 34
Kjaer microphone at the point of the subject's ear, at frequencies between 1 and 80 kHz to ± 3 dB. To 35 measure the frequency tuning curves, we presented a train of 50 pure tones of frequencies spaced 36 logarithmically between 1 and 80 kHz, at 70 dB, each tone repeated twice in pseudo-random sequence, 37 counter-balanced for laser presentation. The full stimulus was repeated 5 times. Each tone was 50 ms long, 38 where FRi is tone-evoked response to tone at frequency i, and n is number of frequencies used. 51
The amplitude of neuronal response to tones was defined as the difference between mean spontaneous (0-50 52 ms before tone onset) and tone-evoked (0-50 ms after tone onset) firing rate and, for each neuron. Only 53 responses to tones within 0.5 octaves of best frequency (the frequency which resulted in maximum firing 54 rate) of each neuron were included. 55 56
Statistical Analysis 57
Data were analyzed using two-tailed paired t-tests in Matlab (Mathworks). 58
59
Modeling 60
We used single-compartment Hodgkin-Huxley neuron models to create a 3-cell network consisting of a 61 thalamic reticular nucleus (TRN) neuron, a thalamocortical neuron representing the MGB and a regular 62 spiking neuron representing primary auditory cortex (A1; Fig. 4A ). Starting from the mechanistic models of 63 Traub et al. (2005) and Haas and Landisman (2012) , we tuned cells with the following characteristics ( 8 64 are maximal conductances with units of [ / 6 ] and 8 are reversal potentials in [ ]). We used the 65 NEURON implementation in ModelDB of Traub et al. (2005) . synapse to A1 with GXYGJ IH→J^= 2.0 and ̅ GXYGJ IH→J^= 0.20 . We set the synaptic delay to be 2.0 and 75 the event detection threshold to be 25
. 76
We simulated the network in NEURON for 600 , with = 0.005 , b = −60 and saved sampled 77 data for visualization ( Fig 4B) with sampling rate of 0.1 . To simulate spontaneous activity in MGB, we 78 added AMPA synapses with Poisson inputs, where GXYGJ Yc0ddc3 = 1.0 and ̅ GXYGJ Yc0ddc3 = 0.50 , to MGB at 79 50 Hz, to A1 at 20 Hz and to TRN at 1 Hz. We used holding current to MGB at 1nA and to A1 at 0.5nA. 80
We ran one simulation without any Poisson inputs (Fig. 4B1 ) and 50 simulations for each condition with 81 random Poisson inputs ( Fig 4B2-3, Fig 4C) . In all simulations, we delivered a DC input of 10nA to MGB 82 representing the tone inputs. We delivered a 100-ms input to TRN to represent BLA activation, at three 83 strengths (0 nA, 0.5 nA, 0.8 nA, and 1.8 nA). 84
To quantify the results of simulations, we calculated the histograms of spike times, binned at 1 ms, then 85 smoothed with a Hanning window of size 31. We normalized each rate to the maximum rate in the control 86 condition preceding input to TRN. To calculate peak activity, we obtained the raw peak activity in the 87 windows of tone input to MGB input for MGB and A1, then normalized those values to the control 88 conditions. Peak-peak amplitude was taken as the difference between the raw peak activity during the tone 89 and the mean activity during the 50 ms before the tone, also normalized to the control condition. 
